Type 2 diabetes is a progressive disease in which the risks of myocardial infarction, stroke, microvascular events, and mortality are all strongly associated with hyperglycemia ([@B1]). The disease course is primarily characterized by a decline in β-cell function and worsening of insulin resistance. The process is manifested clinically by deteriorations in multiple parameters, including A1C, fasting plasma glucose (FPG), and postprandial glucose levels.

In this review, we will evaluate our current understanding of the role played by deteriorating β-cell function and other abnormalities linked with the progression of type 2 diabetes. An improved understanding of these abnormalities may provide the scientific groundwork for novel therapies that may help achieve and maintain good glycemic control.

CHARACTERISTICS OF DISEASE PROGRESSION
======================================

Progression from pre-diabetes to overt diabetes
-----------------------------------------------

Because glucose is a continuous variable, the use of thresholds to make a diagnosis is somewhat arbitrary. The term "pre-diabetes" has become well established and implies a risk of progression to overt diabetes. However, although such progression is well studied in prevention trials, little is known about the rate of progression and the characteristics of such progression in the population at large. [Table 1](#T1){ref-type="table"} summarizes some of the factors associated with such progression. Nichols et al. ([@B2]) studied the progression of pre-diabetes to overt disease and observed that 8.1% of subjects whose initial abnormal fasting glucose was 100--109 mg/dl and 24.3% of subjects whose initial abnormal fasting glucose was 110--125 mg/dl developed diabetes over an average of 29.0 months (1.34 and 5.56% per year, respectively). A steeper rate of increasing fasting glucose; higher BMI, blood pressure, and triglycerides; and lower HDL cholesterol predicted diabetes development.

###### 

Factors associated with progression of pre-diabetes to diabetes

  ---------------------------------------
  Elevated FPG and increase in FPG
  High BMI
  Weight gain
  Younger age
  High plasma insulin
  Decreased insulin response to glucose
  Dyslipidemia
  Hypertension
  Poor β-cell function
  Choice of treatment
  ---------------------------------------

The Baltimore Longitudinal Study of Aging ([@B3]) concluded that although phenotypic differences in rates of progression are partly a function of diagnostic thresholds, fasting and postchallenge hyperglycemia may represent phenotypes with distinct natural histories in the evolution of type 2 diabetes.

Does hyperglycemia evolve from normoglycemia gradually over time or as a step increase? Ferrannini et al. ([@B4]) measured plasma glucose and insulin levels during oral glucose testing at baseline and after 3 and 7 years of follow-up. In subjects with normal glucose tolerance on all three occasions (nonconverters), FPG increased only slightly over 7 years. In contrast, conversion to both impaired glucose tolerance (IGT) and diabetes among normal glucose tolerance subjects was marked by a large step-up in FPG. Converters had higher baseline BMI and fasting plasma insulin concentrations than nonconverters; however, no consistent change in either parameter had occurred before conversion. In contrast, changes in 2-h post-glucose insulin levels between time of conversion and preceding measurement were inversely related to the changes in FPG. Thus, within a 3-year time frame, the onset of diabetes is often rapid rather than gradual and is in part explained by a fall in glucose-stimulated insulin response.

The acute insulin response
--------------------------

The natural course of β-cell function suggests that the acute insulin response plays a major role in determining glucose tolerance status over time. Among Pima Indians, over a mean of 5.1 years, progressors (from normal glucose tolerance to IGT and then diabetes) differed significantly from nonprogressors in their acute insulin response. Acute insulin response decreased by 27% during the transition from normal to impaired glucose tolerance and by 51% during the transition from impaired glucose tolerance to diabetes, and in nonprogressors, it actually increased by 30% ([@B5]).

Festa et al. assessed longitudinal changes in β-cell function over 5 years ([Fig. 1](#F1){ref-type="fig"}). Again, the main determinant of glucose tolerance status during follow-up was the change in acute insulin response. Normal glucose tolerance was maintained by a compensatory increase in insulin secretion, whereas failure to increase insulin secretion led to impaired glucose tolerance, and a decrease in insulin secretion led to overt diabetes ([@B6]).

![Changes of insulin sensitivity (*S*~i~) and acute insulin response to glucose (AIR) from baseline (*arrow base*) to follow-up (*arrow top*) in populations stratified by baseline and follow-up glucose tolerance status ([@B6]). DM, diabetes; NGT, normal glucose tolerance.](zdc0110977660001){#F1}

Thus, the progressive decrease in β-cell insulin secretion, particularly the first-phase insulin secretion that occurs acutely after an increase in glycemia, is likely the most critical functional β-cell defect in the development of type 2 diabetes.

Progression to medication
-------------------------

The next step in progression could be defined by the need for medication. Pani et al. ([@B7]) examined predictors of diabetes progression (A1C ≥7% or initiation of hypoglycemic agent) over 1 year in 705 patients who had A1C \<7% and were not on glucose-lowering medications at baseline. In the 200 patients who progressed, baseline A1C, younger age, and weight gain were independent predictors of progression. Each decade of increasing age reduced the risk of progression by 15%. Each 1-lb increase in weight was associated with a 2% increased odds of progression. Likelihood of medication initiation among progressors decreased by 40% (*P* = 0.02) with every decade of age and decreased by 2.3% with each 1 mg/dl decrease in LDL level from baseline after adjusting for race, sex, and weight change. Thus, among untreated patients with A1C \<7%, younger patients and those with weight gain were more likely to have diabetes progression and should be the focus of aggressive diabetes management. A limitation of this study is that physician bias may have precluded or delayed initiation of treatment in older patients. This study provides indirect evidence that the pathogenesis of type 2 diabetes in subjects who develop diabetes at a younger age is different from that of older subjects and younger patients should be managed more aggressively with earlier initiation of medications. Conversely, there may be an identifiable subset of older patients with stable weight who may be followed without initiating pharmacological therapy.

Loss of glycemic control on medication
--------------------------------------

Major clinical trials provide evidence of the increasing loss of glycemic control over time in type 2 diabetes. The U.K. Prospective Diabetes Study (UKPDS) showed that therapy with metformin, sulfonylurea, or insulin substantially lowered A1C and FPG compared with conventional therapy, but over 11 years, increased significantly ([@B8],[@B9]). A similar pattern with sulfonylureas was observed more recently in A Diabetes Outcome Progression Trial (ADOPT), over a median of 4.0 years ([@B10]).

Matthews et al. ([@B11]) assessed the predictors of sulfonylurea failure in the UKPDS. By 6 years, 44% had required additional therapy. Of those randomized to glibenclamide, 48% required additional therapy by 6 years, compared with 40% of those allocated to chlorpropamide. Not surprisingly, a higher initial fasting glucose predicted greater need for additional therapy.

In the initial 3 years, nonobese subjects (BMI \<30 kg/m^2^) were more likely to require additional therapy than obese patients (BMI ≥30 kg/m^2^). Modeled β-cell function showed that those with lower function were more likely to fail (*P* \< 0.0001). Thus, sulfonylureas fail as a therapeutic agent at rates that are dependent both on the phenotype at presentation and perhaps on the agent used initially. Higher failure rates were found in individuals with higher glucose concentrations, those who were younger, those with lower β-cell reserve, and those randomized to glibenclamide compared with chlorpropamide.

β-Cell function decline: the major cause of disease progression
---------------------------------------------------------------

A hallmark of type 2 diabetes is a decline in β-cell function, which begins as early as 12 years before diagnosis and continues throughout the disease process. Using the homeostasis model assessment (HOMA) to quantify β-cell function, the UKPDS demonstrated that, β-cell function continued to deteriorate in association with progressively increasing hyperglycemia despite treatment ([@B12]).

As β-cell function continues to decline, monotherapy failure (in ADOPT defined as FPG \>180 mg/dl) is almost inevitable. In ADOPT, monotherapy with metformin, rosiglitazone, and glyburide all failed over time, albeit with differences in the rates of decline. At 5 years, the cumulative incidence of monotherapy failure was 15% with rosiglitazone, 21% with metformin, and 34% with glyburide. After initial improvement in glycemia, glyburide had the greatest annual increases in A1C and FPG (0.24 and 5.6 mg/dl, respectively), followed by metformin (0.14 and 2.7 mg/dl, respectively) and rosiglitazone (0.07 and 0.7 mg/dl, respectively) ([@B10]).

Attempts to quantify β-cell failure include the work of Wallace and Matthews, who plotted A1C against time to derive a coefficient of failure for subjects with diabetes on constant monotherapy. In the UKPDS, the mean coefficient of failure with chlorpropamide and glibenclamide was 0.34 A1C%/year and 0.50 HbA~1~%/year, respectively ([@B13]). The coefficient of failure has several advantages in assessing β-cell failure rates: it uses rates of change, rather than absolute values; it can use other measures of glycemia besides A1C; and it allows comparisons between trials and thus meta-analyses.

Because A1C will increase by ∼1% every 2 years even with most therapies ([Fig. 2](#F2){ref-type="fig"}), patients with diabetes require repeated and vigorous intervention. Failure to implement such interventions, owing to "clinical inertia" or patient noncompliance, results in worsening glucose control and perpetuates a vicious circle of hyperglycemia and glucose toxicity. Importantly, failure of β-cell function in the late stages of the disease is further compounded by the complications of diabetes and by the likelihood of significant comorbidities in elderly patients.

![Illustration of coefficient of β-cell failure over time in relation to A1C (from UKPDS) ([@B13]).](zdc0110977660002){#F2}

Natural history of obesity: progressive weight gain
---------------------------------------------------

Weight gain is another common concern as type 2 diabetes progresses. In UKPDS 34, patients treated with insulin experienced the greatest weight gain over 10 years, followed by sulfonylurea treatment; weight gain was lowest and similar in conventional (diet) and metformin treatment groups ([@B8]). In the Treat-to-Target trial, weight gain at the end of 6 months was 3.0 and 2.8 kg with bedtime glargine and NPH insulin, respectively ([@B14]). In ADOPT, weight gain with rosiglitazone was almost 5 kg over 5 years. In contrast, with glyburide, weight gain of 1.6 kg occurred in the first year, but stabilized thereafter, and weight decreased by ∼3 kg in the metformin group ([@B10]). The contribution of weight gain to disease progression is unclear. On the other hand, weight loss is associated with improved β-cell function and a decreased need for treatment.

PATHOPHYSIOLOGY OF β-CELL FAILURE
=================================

Pancreatic β-cells normally respond to insulin resistance by increasing their output of insulin to meet the needs of tissues. Development of type 2 diabetes essentially stems from a failure of the β-cell to adequately compensate for insulin resistance. The β-cell dysfunction progresses over time and is well advanced by the time a person\'s plasma glucose level is in the diabetic range and continues to worsen after diabetes develops ([@B12]).

Many obese individuals, who tend to have insulin resistance, progress to diabetes. Yet some do not: their β-cells continue to function adequately and they are able to maintain glucose homeostasis and compensate for increasing insulin resistance with increasing insulin secretion.

Genetic predisposition to β-cell failure
----------------------------------------

Data strongly support a genetic predisposition to β-cell failure ([@B15]). A genetic subtype of the disease characterized by diagnosis at \<25 years of age, β-cell dysfunction, an autosomal dominant mode of inheritance, and heterozygous mutations in β-cell transcription factors has been identified as a common cause of early-onset type 2 diabetes ([@B16]). Multiple genetic mutations have been identified, and in some affected individuals, a genetic cause for their disease is recognized ([@B17]). However, in most patients in clinical practice, it is impossible to identify a genetic abnormality clinically and environmental factors predominate.

Mechanisms responsible for the decline in insulin secretion
-----------------------------------------------------------

Normal β-cell adaptation to insulin resistance can occur through increased insulin secretion from each β-cell and/or an increase in the β-cell mass. Some individuals have a reduced insulin secretion or reduced β-cell mass but normal glucose levels; they have sufficient insulin sensitivity to ensure adequate insulin secretion. In insulin-resistant subjects or subjects with type 2 diabetes, there is inadequate insulin secretion from each β-cell or an inadequate β-cell mass for the levels of prevailing insulin sensitivity ([@B5]).

When blood glucose is elevated, insulin secretion is stimulated and glucagon secretion is suppressed. Conversely, when blood glucose is decreased, insulin secretion should be suppressed and glucagon secretion stimulated. All of these actions are highly glucose dependent and critical to maintain normal glycemia in the face of varying insulin needs. They also provide the classic response to a meal. Although the failing β-cell loses its ability to respond to glucose, not all responses are diminished. Insulin secretion, e.g., in response to amino acid stimulation or through stimulation with other hormones such as glucagon-like peptide 1 (GLP-1), is preserved.

β-Cells maintain their responsiveness in the face of insulin resistance through increased insulin secretion in response to meals as well as through a chronic response by increasing β-cell mass ([@B18]). Normal-weight and obese individuals maintain a normal and similar 24-h glucose response to meals. However, the groups differ in their mean insulin secretion, which is significantly higher in obese subjects than in their normal-weight counterparts. In addition, insulin secretion in obese subjects fails to return to baseline between meals ([@B19]).

Two acquired defects have been implicated with regard to impaired glucose secretion: glucotoxicity, whereby β-cells become sensitized to the presence of glucose, and lipotoxicity, whereby accumulated fatty acids and their metabolic products deleteriously affect β-cells. In glucotoxicity, chronic hyperglycemia depletes insulin secretory granules from β-cells, lessening the amount of insulin available to be released in response to new glucose stimuli. Lowering glucose levels permits regranulation of β-cells and a better acute insulin response follows. In lipotoxicity, prolonged increases in free fatty acid levels adversely affect the conversion of proinsulin to insulin and eventually affect insulin secretion. Fatty infiltration of pancreatic islets may also contribute to β-cell dysfunction, and pancreatic fat correlates negatively with β-cell function ([@B20]). But once diabetes occurs, factors additional to pancreatic fat (perhaps glucose toxicity) account for further β-cell function decline. The concepts of gluco- and lipotoxicity remain hypotheses; the exact mechanisms responsible for impaired β-cell function have yet to be conclusively proved. This concept is being tested further in clinical trials such as ORIGIN ([@B21]), where insulin will be used early to eliminate glucotoxicity and determine whether early and maintained normoglycemia will decrease disease progression. The concept of remission in diabetes by elimination of glucotoxicity has actually been tested in a few small studies ([@B22]).

In addition to glucose and lipid deposition in the pancreas, another local factor may be the accumulation of amyloid, which has long been associated with the development and progression of type 2 diabetes ([@B23]).

Thus, in type 2 adipogenic diabetes, excessive carbohydrate and fat intake causes hyperinsulinemia in association with increased hepatic lipoprotein secretion, adipose tissue growth, and increased free fatty acid levels in genetically susceptible individuals. Together with episodes of postprandial hyperglycemia, elevated free fatty acid levels cause muscle and liver insulin resistance and increase hepatic glucose production. The same stimuli also facilitate β-cell compensation by promoting insulin secretion and biosynthesis as well as β-cell growth. In late stages, however, the progressive rise in insulin resistance, combined with alterations in β-cell gene expression and signaling induced by rising levels of free fatty acids, cause β-cell failure. Overt diabetes occurs as a result of this β-cell decompensation, with altered insulin secretion and apoptosis as possible contributing factors.

β-Cell mass deficits
--------------------

Although β-cell function is paramount, decreasing β-cell mass is an important factor in progression of type 2 diabetes. β-Cell mass is increased by neogenesis, as well as replication and hypertrophy. In individuals who do not have diabetes, these activities are counterbalanced by apoptosis and necrosis, thereby maintaining a balance in β-cell mass. In individuals who are obese or insulin resistant, the number of islets and β-cells, in the presence of increased insulin demand, increase with some degree of hypertrophy ([@B18]). Several factors and mechanisms regulate β-cell mass, and only in a minority of diabetic patients does one single etiological factor underlie the failure of the β-cell. The various factors regulating mass are summarized in [Fig. 3](#F3){ref-type="fig"} ([@B24]). In animal models of insulin resistance, there is both replication of existing β-cells and neogenesis from ductal precursor cells. In the Zucker diabetic fatty rat model, Pick et al. ([@B25]) determined β-cell mass and replication rates. In nondiabetic but obese rats, the size of the islets increased. In contrast, obese diabetic rats showed slight decreases in islets and in the amount of insulin stained, whereas glucagon was either maintained or increased ([@B25]). The β-cell replication rate was significantly greater in Zucker diabetic fatty rats than in either lean control or obese nondiabetic animals. In addition, increased apoptosis, rather than decreased neogenesis, is the major factor responsible for reduction in β-cell mass ([@B25]).

![Factors regulating β-cell mass ([@B24]).](zdc0110977660003){#F3}

In human autopsy pancreatic tissue ([@B18]), subjects with impaired fasting glucose and type 2 diabetes had a relatively reduced β-cell mass, whether they were lean or obese. Obese subjects without diabetes had an ∼50% increase in relative β-cell volume. Obese subjects with impaired fasting glucose or type 2 diabetes had 40 and 63% deficits, respectively, in relative β-cell volume than obese subjects without diabetes. These in vivo findings suggest that a decreased number of β-cells, rather than a decreased volume of individual cells, causes β-cell volume decrease. Subjects with impaired fasting glucose also had decreased relative β-cell volume, suggesting that this is an early process and mechanistically important in the development of type 2 diabetes ([@B18]). In another recent autopsy study, there was a significant curvilinear relation between β-cell volume and fasting blood glucose level, and β-cell deficiency was associated with a steep increase in blood glucose with further decrement in β-cell mass ([@B26]).

Abnormalities in the pancreatic islets may also contribute to deficits in β-cell mass with type 2 diabetes. Insulin secretion from islets of organ donors who had diabetes was significantly less than that of control subjects, and islet yield decreased as disease duration lengthened ([@B27]).

Imaging studies substantiate that the pancreas declines in size as type 2 diabetes progresses. More than 20 years ago, we used ultrasound to show some decrease in early type 2 disease and a significant decrease in later-stage disease with declining β-cell function and mass ([@B28]). Using computerized tomography, Goda et al. demonstrated that pancreatic volume and pancreatic volume index were greatest in the healthy group and lowest in type 1 diabetes, although subjects with type 2 disease did not differ significantly compared with control subjects ([@B29]).

Does the amount of pancreatic mass matter or can the residual mass take on the load? An intriguing insight is provided by a study on donors of pancreatic tissue. Hemipancreatectomy for the purpose of organ donation has been associated with a 25% risk of developing abnormal glucose tolerance or diabetes in the year after surgery ([@B30]), and 43% of healthy humans who underwent hemipancreatectomy have impaired fasting glucose, impaired glucose tolerance, or diabetes on follow-up. These findings are compatible with the notion that a loss of 50% of pancreatic function is associated with the development of diabetes. Matveyenko et al. ([@B31]) studied the effect of an ∼50% deficit in β-cell mass on carbohydrate metabolism in dogs. After partial pancreatectomy, both basal and glucose-stimulated insulin secretion were decreased through the mechanism of a selective ∼50 and ∼80% deficit in insulin pulse mass, respectively. These defects in insulin secretion were partially offset by decreased hepatic insulin clearance (*P* \< 0.05). Partial pancreatectomy also caused an ∼40% decrease in insulin-stimulated glucose disposal. Thus, an ∼50% deficit in β-cell mass can recapitulate the alterations in glucose-mediated insulin secretion and insulin action in humans with IFG and IGT, supporting a mechanistic role of a deficit in β-cell mass in the evolution of IFG/IGT and diabetes.

β-Cell inflammation in type 2 diabetes
--------------------------------------

Inflammation is not in itself a disease, but a manifestation of disease that may prevent spread of infections or promote organ regeneration. Equally, it may exacerbate disease by tissue destruction due to inflammatory mediators, reactive oxygen species, and complement components ([@B32]). Pancreatic islets from type 2 diabetic patients are known to have amyloid deposits, fibrosis, and increased cell death ([@B18],[@B32],[@B33]), associated with an inflammatory response. Pancreatic α-cells produce increased IL-1α and other inflammatory factors in response to glucotoxicity and nutrients ([@B32],[@B34],[@B35]).

α-Cell pancreatic function
--------------------------

Although the focus herein has been on β-cell function, some attention must be paid to α-cell pancreatic function in the progression of diabetes. Glucose and a variety of hormones and substrates work to regulate glucagon secretion in a coordinated manner, and abnormalities of α-cells may reflect impaired glucose sensing. In type 2 diabetes, relative glucagon hypersecretion occurs at normal and elevated levels of glucose and an impaired response to hypoglycemia. The incretin hormone GLP-1, which promotes assimilation of ingested nutrients via a glucose-dependent stimulation of insulin release, apparently improves α-cell glucose sensing. Thus, GLP-1--based therapies improve α-cell function and may also prove to be useful in improving glycemic control in diabetes ([@B36]).

Microvascular and macrovascular complications
---------------------------------------------

Longer survival times and development of type 2 diabetes at younger ages increase the risk of developing duration-dependent complications. In UKPDS 16, 18% of patients, all of whom were presumed to be clinically healthy, had a clinical end point within 6 years of diagnosis.

UKPDS 35 showed highly significant associations between development of diabetes complications, including death, across the broad range of exposure to glycemia, with no evidence of a threshold. Conversely, each 1% reduction in mean A1C was associated with reduction in risk of 21% for any end point related to diabetes (*P* \< 0.0001) ([@B1]).

The role of complications on disease progression and failure has not been well studied. A change in insulin sensitivity and clearance is well recognized in renal failure and clearance is well recognized. However, the impact of these changes on the natural history of diabetes itself needs to be studied. Many patients with established complications tend to be poorly controlled, and factors such as glucose toxicity may play a role in disease progression as discussed above. In addition, various cardiovascular drugs such as diuretics and β-blockers may affect β-cell function adversely.

CONCLUSIONS
===========

In type 2 diabetes, β-cells fail to adapt to impaired glucose tolerance. This failure appears to be related to a reduction in insulin secretion per islet as well as a reduction in the total number of islets. Progressive loss of β-cell function and, to a lesser extent, reduced β-cell mass lead to worsening glycemic control and development of complications. Although they lower glucose, current therapies do not completely abolish this progressive loss of β-cell function, and their use is also associated with hypoglycemia and weight gain ([Table 2](#T2){ref-type="table"}). Thus, the need for additional glucose-lowering therapies that can halt β-cell deterioration without contributing to weight gain continues.

###### 

Strategies to decrease/delay disease progression

  Strategy                                           Possible treatment approach
  -------------------------------------------------- -----------------------------------------------
  Weight loss                                        
      Eliminate glucose toxicity                     Early treatment early insulin
      Eliminate lipotoxicity                         Thiazolidinediones, decrease free fatty acids
      Decrease apoptosis and increase regeneration   Incretin therapies
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